Abstract: Ultrasonic elasticity imaging is a promising new tool for breast cancer diagnosis and management. Ultrasound is applied to sense small local tissue deformations noninvasively to image stiffness and thus exploit the large intrinsic stiffness contrast generated during the progression of many diseases in vivo. This paper briefly reviews several related approaches to breast elasticity imaging to explain some of the observed variability in breast imaging results. Preliminary clinical results from a population of 13 patients with small and nonpalpable breast lesions obtained with a low noise elasticity imaging algorithm developed in our group are then reported. All the benign lesions exhibited normal elasticity ranges. About half of the malignant lesions were undetected with elasticity imaging most likely because of their small size (<7mm) or softening from the addition of fatty-replaced tissue. Other malignant lesions were clearly identified as areas with extreme elasticity values compared to their surroundings. We observed that some malignant lesions did not exhibit any desmoplasic stiffening while others showed an uncommon softening. It is clear that by broadening the study population to include small and nonpalpable lesions, we see much variability in elasticity image findings.
I-INTRODUCTION
Breast cancer is the most common cancer among women in western countries. In the United States, the risk for a woman to develop a breast cancer in her lifetime is 1 in 7 [1] . Early diagnosis and treatment of breast cancer are essential to decrease breast cancer-related mortality [2] . Until now, breast cancer diagnosis has been based mainly on information from clinical examinations combined with anatomical imaging, such as x-ray mammography or sonography, where the tumor visibility depends on nonspecific contrast mechanisms. Studies have shown that the sensitivity of mammography increases with age: mammography is particularly sensitive for older women with fatty replaced breast tissue, but has a lower sensitivity in young women with dense breasts. On the contrary, sonography has in general a higher sensitivity in women with dense breasts [3] . The integration of mammography and sonography in clinical practice has a sensitivity of 89-92% in detection of cancer [4] . However, less than one in three lesions identified as suspicious by these combined techniques is actually malignant. Thus, a large number of benign biopsies are carried out that result in anxiety, discomfort, risk of infection, and additional medical expenses. These biopsies would not be necessary if benign lesions could be differentiated from cancerous tumors by specific and noninvasive procedures used complementarily to standard imaging procedures.
In order to improve diagnostic specificity and prognostic indicators for breast cancer, current trends in cancer imaging *Address correspondence to this author at the Department of Bioengineering, University of Illinois at Urbana Champaign, Urbana, IL 61801; Tel: (217) 333-1867; Fax: (217) 265-0246; E-mail: mfi@uiuc.edu aim to develop techniques that directly image molecular signaling mechanisms among tumor cells. Such signaling among epithelial, inflammatory and stromal tumor cells is a critical process guiding the growth and progression of breast carcinomas [5] . Molecular imaging techniques that access tumor biology, in particular tumor perfusion imaging, are being developed in MRI [6] , PET [7] or optical imaging techniques [8] . Although these techniques are promising, they have issues of toxicity, biodistribution, specificity and cost. Elasticity imaging is an emerging technique for breast cancer diagnosis and management that can directly and noninvasively image the effects of molecular signaling processes in disease mechanisms in vivo and provide specific information on alterations of breast tissue structures. Ultrasound and MRI techniques are used to detect small local tissue deformations that reflect elasticity. The large intrinsic stiffness contrast generated by most pathological tissue can be exploited in elasticity imaging [9] [10] [11] [12] [13] [14] . Furthermore, time-varying mechanical features of breast tissues [15] [16] [17] could provide information about the tissue microenvironment that affects molecular signaling and controls the rate of tumor growth, metastatic potential, and response to therapy [18] . Elasticity imaging is hence being developed not only as a tool for clinical diagnosis but also potentially for basic biological research.
An initial clinical study by Garra in 1997 [9] demonstrated the ability of ultrasonic elasticity imaging to aid in the detection and classification of lesions. A recent ultrasonic elastography study by Hall et al. [12] including 29 patients showed significant changes in elasticity in cases of fibroadenoma, cysts and carcinomas. Malignant lesions appeared consistently stiffer than their surrounding tissue. They also appeared two to three times larger on elastograms than on sonograms while benign lesions tended to have about the same size on both images. The size difference was attributed to desmoplasia which is a dense collagenous stroma that stiffens malignant palpable tumors [19] . This desmoplastic reaction of malignant breast tumors was described by Garra [9] as a distinctive feature of elasticity images useful for differential diagnosis. Hiltawsky et al. [11] also found significant differences in strain between solid lesions (defined as cancerous lesions and benign lesions except for fibrous mastopathy) but were not able to show from ultrasonic elastograms alone that it was possible to distinguish benign from malignant lesions in general. Other groups working with magnetic resonance elastography (MRE) methods found malignant lesions to be twice as stiff as benign lesions [13] and malignancies more than four times stiffer than the surrounding parenchymal tissue [14] . MR allows data acquisition from a finely-sampled tissue volume, which is ideal for imaging complex 3D deformations, while ultrasound currently is limited to imaging deformation in a plane. However ultrasound often provides higher temporal resolution for acquisition, and therefore allows tracking of fast, non-repetitive physiological deformations. It also has the advantage of being inexpensive, widely available and easily extendable to viscoelasticity imaging. This paper focuses on ultrasonic elasticity imaging.
Breast ultrasonic elasticity imaging studies reported so far in the literature have mostly concerned large (>15mm) and palpable lesions. We are expanding the examined patient population to include small, nonpalpable breast lesions, which requires that we suppress decorrelation noise to see these lower contrast lesions. For this application we developed a high resolution algorithm that is based on a priori knowledge of tissue mechanics and is robust to noise [20] , and we tested it clinically on a population of 13 patients with nonpalpable breast lesions ranging in size from 0.5 to 2 cm. The method is now being extended so that we can also image the viscoelastic behavior of tissue, thus adding timevarying mechanical properties of tissue to the assessment.
II-BREAST ELASTICITY IMAGING TECHNIQUES

Tissue Deformation
Elasticity imaging can be performed using either static or dynamic mechanical stimuli. Static and dynamic techniques provide different features of the material properties of tissue. Static elasticity imaging techniques assess elastic properties of tissues by applying and holding a steady mechanical force [20] [21] [22] [23] . With ultrasound, the tissue can be compressed by applying a pressure with the transducer. Radio-frequency (RF) data are recorded before and after the sudden force application, and the elastic strain is estimated either immediately before viscous responses can engage or after a long delay that allows the viscous flows to settle. In dynamic imaging, a stress field that varies periodically over time is applied while tracking movements ultrasonically [24] . Ultrasound techniques using acoustic radiation force to apply a local impulse stress stimuli were recently developed by Nightingale et al. [15] . Harmonic stimuli coupled with very fast frame rate acquisition (6 Kframes/sec) have also been applied by Fink's group to image moving shear waves that can be used to visualize viscoelastic properties of tissue [16] . While both of these methods have significant potential for providing unique biophysical information about disease, they require major modifications to current instrumentation or risky high intensity sound pulses to implement.
We have shown for the first time [17] that simple step-or ramp-compression stimuli combined with timed RF acquisitions can produce a time series of strain images that describe the spatial distribution of tissue elasticity as well as the viscous strain decay, which could eventually be used to track changes in stromal tissues that describe important features of malignant breast disease. The tissue deformation immediately resulting from the step compression is directly related to the elastic strain while the time-varying response depends on the viscous relaxation time constants. This method has the advantages of requiring no injectable contrast media or high-intensity pulse transmissions.
In clinical ultrasound applications, tissue deformation is generated by freehand compression of the tissue with the transducer for ease of use and convenience. Freehand imaging poses several problems, in particular tissue motion that is out of the imaging plane results in echo decorrelation and strain noise that obliterates most image features. We can avoid echo decorrelation by acquiring echoes from a highly sampled volume of tissue, as is common with MRE approaches. However techniques that offer high-speed 4-D ultrasonic acquisition are still under development. When limited to 2-D echo acquisition, it is thus important to use a strain algorithm that is robust to echo decorrelation.
Strain Estimation
Strain images are usually obtained by computing the derivative of tissue displacement occurring along the axis of the ultrasound beam. To estimate displacement, most techniques involve cross-correlation analysis or block matching algorithms based on Sum Absolute Differences (SAD) or Sum Squared Differences (SSD) [21, [26] [27] [28] .
These estimators are particularly accurate and efficient for tracking small motion. However, incoherent motion and variations in the echo signal amplitude lead to ambiguities in the determination of the displacement when only RF data information is used. Such ambiguities are resolved by applying appropriate a priori knowledge of tissue mechanical properties into the motion estimation process. For that purpose, we developed a strain estimation algorithm based on a regularization of the optical flow (OF) constraint. The OF constraint assumes the conservation of intensity through motion [20] . The proposed regularized optical flow (ROF) algorithm estimates the most probable value of the displacement field dˆ by minimizing a global cost function that reflects the typical constraint of conservation of echo amplitude while imposing a smoothness constraint on the displacement field:
In this simplified notation, the function argmin returns the displacement field d as the estimate that minimizes the sum of energy functions (E e (d)+ αE s (d)). E e is the accumulated difference between the echo signals acquired before and after tissue deformation, E s is the accumulated difference between a given point in the image and its neighbors and α is a constant, called regularization d parameter. The latter term forces the image to be smooth, which we know a priori to be generally true of breast tissue deformations. The displacement estimate then is a balance between information obtained from the acquired compression data E e and a priori knowledge that deformations are spatially smooth E s ; α sets the balance. For in-plane tissue motion and low-noise echo data, α is set to a small value, and we rely more on the experimental data and less on the prior. The best value of α has been shown to be 2.5 [20] . This approach is commonly used for image reconstructions from noisy data [29] .
Performances of the regularized algorithm in terms of contrast, noise and resolution were evaluated and compared to that of a multi-resolution cross-correlation based method (MRCC) using data from a gelatin phantom [30] . The MRCC algorithm is based on a maximization of the crosscorrelation of echo amplitudes only, which is a direct measure that does not require any iterative process since it is based entirely on the data, while the ROF method performs a compromise between echo amplitude conservation and smoothness of displacement field, which requires an iterative procedure during which estimates are refined. The MRCC is thus accurate in perfectly coherent data, i.e., all echo signals in the pre-deformation echo frame can be found undistorted in the post-deformation echo frame. However the MRCC algorithm is highly susceptible to decorrelation noise as echo coherence is lost.
The comparative measurements of contrast and noise performances between the ROF and MRCC methods indicated that the regularization strongly improves noise characteristics while preserving lesion contrast and spatial resolution. To illustrate these methods, we show a B-scan of a soft flow channel phantom with a stiff cylindrical inclusion acquired before compression in Fig. (1a) . In Figs. (1b) and (1c) we show the elastograms of the phantom corresponding to an applied 3% strain 1 obtained with the MRCC and ROF algorithms respectively. The gray scale bar indicates percent strain, where positive values are compressive and negative values are tensile. The stiff inclusion appears dark (low strain) while the soft flow channel appears bright (high strain). The general appearance of the ROF elastogram is smoother than that of the MRCC elastogram, and the decorrelation around the channel is minimal. The smoothing effect of the ROF algorithm intervenes mainly in ambiguous regions of large motion transitions with high decorrelation noise (such as around the soft channel). High resolution and contrast characteristics are maintained in non-decorrelated regions. However, in case of freehand acquired breast data, the roughness penalty in the regularized algorithm can also lead to over smoothing of regions that are decorrelated due to out-of-plane compression, resulting in a loss of spatial resolution and image contrast in these regions. Although the ROF algorithm consistently provides lower noise strain images, the two methods thus have complementary strengths under the heterogeneous elasticity conditions common to breast imaging.
1 If the object height is L before deformation and L' after deformation, then the applied percent strain is
Proposed Analysis Protocol
There is always a risk of using prior information that may not apply to all areas of an image. To ensure that the ROF algorithm reduces decorrelation noise without producing artifacts, we reconstructed strain images using both the MRCC and ROF algorithms and compared the results.
Since the information used in the MRCC approach is just a part of that used in the ROF approach, it seems reasonable to assume that an agreement between the MRCC and ROF strain images indicates that the estimates are not degraded by processing artifacts arising from the smoothness constraint. Furthermore, as mentioned in the previous paragraph, the two formed strain images can be used in a complementary way to provide a more confident interpretation of observed strain patterns. Controlling for processing artifacts, the only factor affecting the strain results is the compression itself, whose quality can be controlled by a very carefully applied acquisition protocol.
Another feature of our protocol is our analysis of the displacement map together with the strain image. Although the two images are related (strain is the spatial derivative of displacement), lesion contrast can be very different. Different representations of the same information can thus highlight features in some regions that otherwise are lost by lack of contrast. They can also help us interpret image findings with respect to tissue changes. For illustration purposes, Fig. (2) shows the displacement maps corresponding to a homogeneous phantom and to the flow phantom shown on Fig. (1a) respectively. The color scale bar indicates displacement in mm. The further the tissue is from the transducer, the more it appears to be displaced. Thus there is a gradual increase in displacement from the top to the bottom of the map. In Fig. (2b) , there is a large bulge due to smaller displacements from the stiff region. We should specify that in freehand in vivo elasticity imaging, the displacement map is not as simple to interpret as in phantom experiments with precise motion and boundary control. Occasionally, displacement increases more on one side than the other due to slippage of the tissue and not its material properties.
Although it is normally impractical to use all three images for clinical exams, we believe that it is important to use as much information as possible in the current phase of understanding observed elasticity patterns and finding a discriminative protocol.
III-EARLY CLINICAL RESULTS
We selected a patient population different than the ones reported in the literature for our preliminary clinical study. These patients had suspicious masses discovered on screening mammograms that were nonpalpable. The diagnosis for each lesion was determined by ultrasound guided core biopsy performed just after our elasticity imaging exam.
A total of 13 patients are included in our study. The patients were all placed in the supine or oblique position with ipsilateral arm overhead and the breasts were compressed in the AP direction using the chest wall as a rigid boundary against which the compression is applied.
Patient ages ranged from 46 to 83 years, and the lesion sizes ranged from 5 to 20 mm ( Table 1) . The pathology reports obtained after biopsy indicated that 6 patients had benign lesions and 7 had malignant lesions. Results from two of these lesions were reported previously [18] .
Multi-compression acquisition [31] was used to maximize strain contrast without incurring high decorrelation noise and also without compromising spatial resolution by relying totally on the regularization parameter to control decorrelation noise. The elastograms displayed were obtained by adding strain estimates from successive frames acquired during compression, each corresponding to a small compression of 0.15 to 0.3% for a total applied compression of 1.4 to 3.7 %. Table 1 summarizes the age distribution of the population studied, the lesion size and depth from the breast skin, the histopathological diagnosis and the elasticity findings. Good agreement was found between the two algorithms in all cases, with ROF elasticity images consistently providing the superior quality image. In the following, only ROF strain images are shown systematically. The displacement maps are shown whenever they reveal new information.
All the benign lesions in our study exhibited normal elasticity ranges, as expected for many benign masses. Among the 7 malignant lesions, 2 nonpalpable lesions were clearly detected as areas with extreme elasticity values compared to the surrounding tissue while 2 malignant lesions could not be identified with elasticity imaging. The 3 other malignant lesions did not exhibit very striking elasticity patterns but had suspiciously high or low displacements. These results are illustrated below.
Two sonographically suspicious, nonpalpable lesions typical in our experience are shown in Fig. (3) where sonograms (Figs. (3a) , (3c)) and elasticity images (Figs.  (3b), (3d) ) are compared. The first was a 12 mm benign lesion. The second was a 16 mm malignant lesion. The total compression applied to the benign and malignant lesions was less than 2% of the breast thickness. The sonograms of both lesions show poorly defined hypoechoic lesions. The echogenicities of both lesions are similar, however only the benign lesion (stromal fibrosis) generates little detectable strain contrast (Fig. (3b) ) thus indicating that it has a stiffness comparable to that of the surrounding tissue. The malignant lesion (invasive lobular carcinoma; ILC), in contrast, is larger on the elastogram than on the sonogram and stiffer than its background, thus indicating the presence of desmoplasia (Fig. (3d) ). This is the only especially stiff lesion we observed in our limited study, probably because we limited our patient population to nonpalpable lesions. Fig. (1). a) B-mode of a gelatin phantom with a flow channel and stiff cylindrical inclusion, b) MRCC elastogram, c) ROF elastogram. The stiff inclusion has a low strain (appears dark on the elastogram) while the soft channel has a high strain (bright). Fig. (2) . Displacements maps of a) a homogeneous phantom, b) the phantom with a stiff inclusion (shown in Fig 1a) , c) Displacement as function of depth profiles for the homogeneous phantom (dashed line) and the flow phantom (solid line). Fig. (4a) shows a nonpalpable invasive ductal carcinoma (IDC). The 10 mm lesion appears much softer (brighter) than its surroundings on the elastogram (Fig. (4c) ). The displacement map also clearly shows a region of excessive motion corresponding to very soft tissue (Fig. (4b) ). The dark region mirrored below the bright region indicates negative strains, which gives the impression that the tissues are being stretched in this area. Soft malignant lesions are much less frequently observed than stiff ones. The histology of lesions has not yet been correlated with tissue mechanical properties. We conjecture that the soft appearance of the lesion may be due to factors related to the specific tumor histology and the surrounding tissue environment. For instance, some early stage non-palpable tumors like the above do not exhibit desmoplasia [32] . Additionally their metabolic requirements cause an upregulation of matrix metalloproteinase production, resulting in extracellular matrix breakdown to enable neovascularization [33] . Both these factors could result in soft lesions as seen in this case. These examples demonstrate that nonpalpable lesions as small as 10 mm may clearly show high contrast in strain images although the contrast can be of either polarity. Fig. (5a) shows an example of a 10 mm IDC lesion. Although this lesion has the same triangular shape as the one on Fig. (3a) , it was not detected by elasticity imaging. The elastogram (Fig. (5c) ) does not exhibit any particular contrast around the lesion area and the displacement map (Fig. (5b) ) does not show any clear disruption of the displacement slope. (Fig. (6b) ) shows a decrease from left to right corresponding to tissue slipping that makes the interpretation more difficult, a bulge in the displacement map near the lesion is clearly observed. This appears on the elastogram (Fig. (6c) ) as a slightly darker region. For this small lesion, the displacement map alerts us of a suspected malignancy, even when elastogram findings are equivocal.
IV-SUMMARY AND CONCLUSIONS
In this preliminary study, 6 benign lesions were studied and none appeared suspicious on elastograms (specificity of 6/6).
Among the 7 nonpalpable malignant lesions studied, the two lesions, of size 10 and 16 mm and depths 8 and 25 mm, were clearly distinct from their sounding tissues. The patients were, respectively, 48 and 66 years old. The two lesions were not at all alike; one lesion was very soft while the other one exhibited a stiff desmoplasic reaction.
Two other malignant lesions of size 6 and 10 mm and depth 18 and 12 mm, were not visible on the elastograms. The patients were, respectively, 46 and 83 years old. Our inability to detect the first lesion could be partly explained by its small size. The older patient had mostly fatty breast tissue that could affect our ability to compress the lesion in a manner that generates visible contrast. Average breast composition may be an important consideration when interpreting images for diagnosis.
The other 3 malignant lesions were not clearly identified as areas with extreme elasticity values, but exhibited suspicious patterns, especially in the displacement maps that showed bulges near the lesion. The lesions were respectively 5, 5 and 10 mm and the patient ages were 74, 53 and 81 years. The visibility of small lesions is limited by the spatial resolution of the imaging technique. The fatty replaced nature of the tissue of the 81 years old patient could be a factor limiting the elastic contrast for the third lesion. Keep in mind that this study concentrates on nonpalpable lesions, which are of great interest for detection and classification but pose the greatest challenge for elasticity imaging.
Although it would be premature to evaluate clinical utility of elasticity breast imaging or recommend techniques, these preliminary clinical studies suggest that lesion size and depth, resolution of the technique and breast composition must all be considered when interpreting images. We thus suggest the breast tissue be classified in the 4 density categories used in mammography (fatty replaced, scattered fibroglandular density, heterogeneously dense, dense) and interpreted accordingly. We also recommend observing the displacement map for confirmation of findings or highlighting of suspicious regions.
Inability to manually palpate a lesion does not obviously correlate with its elasticity image contrast. We did not study effects of lesion location, although our results show location can influence elasticity contrast, as some areas are easier to compress than others (for example when the chest wall can be used as a support). We also believe that interpretation criteria other than the relative elasticity, e.g., the change in strain with increasing compression, need to be investigated in order to improve the diagnostic capability of strain imaging. This paper presents very preliminary results on a small number of subjects. These early findings on a particularly difficult patient population show however that elasticity imaging has the potential for discriminating benign from malignant nonpalpable lesions larger than 8 mm. Controlling for imaging effects with a well characterized imaging algorithm, allows us to have confidence that the elasticity images reflect tissue properties. This information complements mammography and sonography at little additional cost. While we cannot yet assess clinical utility, we have detected a large amount of tissue diversity in the population that suggests factors like lesion size, depth and breast composition must be taken into account before interpretation is possible. We are continuing to investigate the different issues that were raise in this study on a larger number of patients. 
